Controlling the degradation rate of silk fibroin-based biomaterial is an important capability for the fabrication of silk-based tissue engineering scaffolds. In this study, scaffolds with different pore sizes were prepared by controlling the freezing temperature and the silk fibroin concentration. In vitro degradation results showed that the internal pore walls of the scaffolds with a larger pore size collapsed upon exposure to collagenase IA for times ranging from 6 to 12 days, and the silk scaffolds exhibited a faster rate of weight loss. The morphological and structural features of the silk scaffolds with a smaller pore size maintained structural integrity after incubation in the protease solution for 18 days, and the rate of weight loss was relatively slow. Scaffolds with a smaller pore size or a higher pore density degraded more slowly than scaffolds with a larger pore size or lower pore density. These results demonstrate that the pore size of silk biomaterials is crucial in controlling the degradation rate of tissue engineering scaffolds.
Introduction
Silk fibroin materials can support cell adhesion, growth, proliferation, and differentiation for a large variety of cell types [1, 2] and have aroused increasing interest in the field of biomedicine because of their excellent environmental stability, biocompatibility, morphologic flexibility, and mechanical properties [1, [3] [4] [5] [6] [7] . Silk fibroin materials can be degraded in vitro and in vivo [3, 6, [8] [9] [10] [11] [12] [13] , and the degradation products are abundant peptides and some free amino acids, which can be easily metabolized and cleared from the body [6, 10, 13, 14] . For the tissue engineering scaffolds, one of the key requirements is that the degradation rate should match the rate of new tissue regeneration [10, 15] . Therefore, controlling the degradation rate of silk fibroin-based materials is an important subject.
As a protein, silk fibroin can be catalytically degraded by proteolytic enzymes. The rate and extent of degradation may be highly variable, depending on a collection of chemical, physical, and biological factors related to the molecularweight distribution [6, 16, 17] and secondary structure [9, [18] [19] [20] of the silk fibroin, processing methods [15, [21] [22] [23] [24] , and features of the enzymes [4-6, 12, 25] . Compared with natural silk fibre, regenerated silk fibroin was degraded at a significantly increasing rate in the actinomycetes enzyme solution, because a portion of the natural silk fibroin was hydrolyzed when it was dissolved in neutral salt solution (LiBr⋅H 2 O⋅CH 3 CH 2 OH), leading to an obvious decrease in the molecular weight and a lower mechanical property during the process of regeneration [26] . Numerous studies in the literature have reported that silk fibroin materials with the lowest -sheet content achieved the highest degradation rate [19, 21] . Three-dimensional porous scaffolds prepared from regenerated silk fibroin using either an all-aqueous process or a process involving an organic solvent, hexafluoroisopropanol (HFIP), were implanted subcutaneously into rats. Most scaffolds prepared by the all-aqueous process degraded to completion between 2 and 6 months, while scaffolds prepared by the organic solvent (HFIP) process persisted beyond 1 year [8] . The degradation behavior of porous silk fibroin materials incubated in -chymotrypsin, collagenase IA, and protease XIV solution demonstrated that 70% of the sample immersed in protease XIV solution was degraded within 15 days at 37 ∘ C, but the weight loss of the samples 2 Advances in Materials Science and Engineering exposed to collagenase IA and -chymotrypsin was 52% and 32%, respectively [12] . However, there are few reports regarding the effect of the pore size on the biodegradation behavior of silk fibroin scaffolds. In this study, a system of in vitro degradation experiments with collagenase IA dissolved in PBS was adopted to investigate the relationship between pore size and the degradation rate of silk fibroin scaffolds.
Materials and Methods

Preparation of Silk Fibroin Aqueous Solution.
Silk fibroin solution was prepared following the procedure described previously [27, 28] . Briefly, raw Bombyx mori silk consists of two types of proteins, fibroin and sericin. To remove the sericin, the silk was treated three times with 0.05 (wt%) Na 2 CO 3 for 30 min at 98∼100 ∘ C, rinsed thoroughly, and dried at 60 ∘ C in an oven. The extracted silk fibroin was dissolved in a ternary solvent of CaCl 2 /CH 3 CH 2 OH/H 2 O (molar ratio 1 : 2 : 8) at 72 ± 2 ∘ C for 1 hour with stirring. The cooled solution was dialyzed in a cellulose membrane tube (MWCO, 9000) against deionized water for 4 days to obtain the regenerated Bombyx mori silk fibroin solution with a concentration of approximately 3.0 wt%. Then, the silk fibroin aqueous solution was concentrated at room temperature under the environment of the flowing air in the fume hood with stirring to obtain a 10.0 wt% solution.
Preparation of Silk Fibroin
Scaffolds. Four groups of porous silk fibroin scaffolds were prepared as follows. The concentration of silk fibroin solution was diluted to 1.0 wt% with deionized water, and an appropriate cross-linking agent (polyethylene glycol diglycidyl ether) was added to the solution to achieve a 40% weight ratio against the total weight of silk fibroin and stirred slowly for 2 h at 70 ∘ C. After vacuum defoaming, the mixed solution was poured into a stainless steel vessel to make a 2 mm thick solution and then frozen at −40 ∘ C for 6 h. Subsequently, it was lyophilized using a Virtis Genesis 25-LE Freeze Dryer for 48 h to obtain the scaffolds of group A. The 3.0 wt% and 10.0 wt% silk fibroin solutions were treated with the same methods as group A to prepare the scaffolds of group B and group C, respectively. After the same treatment as group A, a sample of 10.0 wt% silk fibroin was frozen at −80 ∘ C for 6 h and then freeze-dried for 48 h to obtain the scaffolds of group D.
Observation of the Pore Structure of the Three-Dimensional Scaffolds.
The cross-sectional morphology of the porous silk scaffolds was observed with a Hitachi S-4800 scanning electron microscope (SEM, Japan) [28] . The SEM images were processed by computer in bmp form. The border of each pore in the top layer was defined according to a gradient method and the top layer pictures of the cross sections were obtained. Each pore area ( 1 , 2 , . . . , , . . . , ) and the total area (cm 2 ) of porous three-dimensional materials within statistical range were calculated from the area of each pore and the number of pixels in the whole picture. The pore diameter ( m) of each pore, average pore size ( m), and pore density (cm −2 ) are given by
(1)
In Vitro Degradation of Porous Silk Scaffolds.
Silk fibroin scaffold from each group was cut into 3 cm × 3 cm squares and then immersed in 0.05 M PBS (pH 7.0) at 37 ∘ C for 48 h to eliminate non-cross-linked silk fibroin. A portion of the samples was dried at 105 ∘ C to calculate the weight of the samples as the initial mass. Each fibroin square was incubated in 1.0 UmL −1 collagenase IA (Sigma, USA) dissolved in 0.05 M PBS (pH 7.0) at 37 ∘ C. After 1, 3, 6, 12, and 18 days, at least three of the fibroin squares were removed, and the enzyme containing the degradation products was replaced with freshly prepared enzyme solution. Samples were immersed in 0.05 M PBS without enzyme as controls.
Scanning Electron Microscopy (SEM).
The residual substances of the porous silk scaffolds degraded by collagenase IA for different lengths of time were collected and lyophilized. The surface morphologies of the scaffolds were imaged with a Hitachi S-4800 scanning electron microscope after sputtering with platinum.
Weight Change of Porous Silk
Scaffolds during Degradation. After 1, 3, 6, 12, and 18 days, samples were collected from each group and first rinsed with deionized water and then lyophilized to calculate the percentage of weight retention.
Results
Pore Size of Porous Silk Scaffolds.
The four groups of silk fibroin scaffolds showed a significant difference in pore morphology, as shown in Figure 1 . Compared with the other three groups of porous silk scaffolds, the scaffolds of group A, prepared from a low concentration of silk fibroin solution, possessed a larger pore size and a thinner pore wall but a smaller pore density. The pore size of group B scaffolds was larger than group C and D scaffolds but smaller than that of group A scaffolds. The pore densities of group A and B scaffolds were obviously smaller compared to group C and D scaffolds. Group D scaffolds exhibited a smaller pore size, a thicker pore wall, and a higher pore density due to the high silk fibroin concentration and low freezing temperature. As described in Figure 2 , with an increase in silk fibroin concentration, the average pore size was smaller, but the pore density was larger. The concentrations of group C and group D silk fibroin solution were both 10.0 wt%; however, the average pore size of group C scaffolds frozen at −40 ∘ C was remarkably larger than that of group D scaffolds frozen at −80 ∘ C, while the pore density of group C scaffolds was smaller. 
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Morphological Changes of Different Porous Silk Scaffolds during Degradation.
It can be observed from Figure 3 that there was no remarkable difference among the four groups of scaffolds after they were immersed in collagenase IA solution for three days. However, with increasing incubation time in collagenase IA solution, significant differences in the shape and dimension of porous silk scaffolds with different pore sizes had taken place. After exposure to collagenase IA for times ranging from 6 to 12 days, group A and B fibroin scaffolds could not retain their original shape, respectively, and broke into several pieces. Furthermore, the remaining fragments decreased dramatically as the degradation time increased. Comparatively, the morphologies of group C and D scaffolds, both of which possessed smaller pore sizes, remained intact, but the dimensions shrunk remarkably after incubation in collagenase IA solution for 18 days. The observations of the materials' morphologies described in Figure 3 revealed that the pore size of the scaffold had an evident impact on its degradation rate, and the scaffolds with a larger pore size degraded more rapidly. Figure 4 depicts SEM images of the four groups of porous silk scaffolds incubated in collagenase IA at specific biodegradation time points (6th and 18th days), respectively.
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It can be observed that a series of marked cross-sectional morphological changes have occurred and there were obvious differences among the four groups of scaffolds. After the 6th day, scaffolds of both group A and group B with larger pore sizes could not retain the original morphologies, with most pores having collapsed and some cracks appearing on the surface of the images. In contrast, group C and D scaffolds with a smaller pore size and a higher pore density were still structurally intact, exhibiting little collapse. The differences become more obvious up to 18 days, when all the pores of group A and B scaffolds had corroded into sloppy bulks and powder. By contrast, group C scaffolds demonstrated no evident collapse, showing a little crack, and the pore structure remained regular in group D scaffolds. The results illustrated in Figure 4 indicate that scaffolds possessing a larger pore size and a smaller pore density underwent a greater extent of degradation.
Weight Changes during Degradation .
The weight changes of the four groups of scaffolds with different pore sizes after incubation in collagenase IA for 18 days were shown in Figure 5 . With the increasing enzymatic degradation time, the residual weight of the four groups of scaffolds decreased gradually, indicating that the protease-catalyzed degradation resulted in a decrease in weight of the silk fibroin scaffolds. At each time point, there were marked differences among the four groups of scaffolds. After 1 day, scaffolds of both group A and group B underwent a higher level of weight loss, and the residual weight of group A and group B materials was 82.9% and 92.5%, respectively. The weight losses of group C and D scaffolds were negligible, not exceeding 3.0% of the initial weights. Following further degradation, the difference of residual weight among group A, B, C, and D scaffolds significantly increased, yielding residual weight of 71.8% in group A and 82.8% in group B at 6 days, while the weights of group C and D scaffolds were only reduced by approximately 4.6%. After degradation for 18 days, the residual weight of group A and B materials was 42.1% and 49.6%, respectively. Group C scaffold exhibited 83.7% weight retention, and the residual weight of group D was up to 91.3%. The results demonstrated that the degradation rates of the four groups of scaffolds with various pore sizes and pore densities were obviously different. Group A and B scaffolds showed a more rapid degradation rate due to their larger pore sizes and smaller pore densities than group C and D scaffolds with smaller pore sizes and higher pore densities.
Discussion
Freeze-drying is commonly employed to prepare porous polymer scaffolds, such as from silk fibroin and collagen [28, 29] , and a variety of materials with different pore sizes can be fabricated by controlling the freezing temperature and the polymer concentration [30] . In this research, we prepared porous silk scaffolds with varying pore sizes by adjusting the freezing temperature and the fibroin concentration. As shown in Figures 1 and 2 , group A and B porous scaffolds exhibit larger pore sizes and smaller pore densities, as well as thinner pore walls due to their low silk fibroin concentration. When group A and B silk solutions were frozen, larger ice particles could be formed inside the silk solution, decreasing in the number of ice nuclei. When the ice crystals were sublimated by vacuum drying, the pores formed in the two groups of porous silk materials were larger than in group C, but the pore densities were smaller than in group C. Keeping the silk fibroin solution at −80 ∘ C for quick freezing can cause fibroin temperature to rapidly cross the glass transition temperature region. It was difficult to form larger particles because of the short growth time of the ice crystals. Therefore, when the ice crystals were sublimated by vacuum drying, the pore size in group D material frozen at −80 ∘ C was smaller than the pore size of group C material, which shared the same concentration but was frozen at −40 ∘ C. Arai et al. [3] have studied the in vitro biodegradation of Bombyx mori silk fibroin by incubating fibres and films with proteolytic enzymes (collagenase type F, -chymotrypsin type I-S, and protease type XXI), for times ranging from 1 to 17 days. The results indicated that the changes in sample weight and degree of polymerisation of silk fibres exposed to proteolytic attack were negligible, but the tensile properties were significantly reduced. The silk films exhibited a noticeable decrease in sample weight and mechanical properties. In Horan's study [10] , Bombyx mori silk fibroin yarns were incubated in protease XIV to create an in vitro model system of proteolytic degradation and harvested at designated time points up to 12 weeks. The silk fibroin demonstrated a decline in fibroin diameter and strength with time of exposure to the enzyme. These results suggested that silk fibroin is biodegradable, and the degradation mechanism is the enzyme-catalyzed hydrolysis. The characteristics of silk biodegradation behaviors varied with different types of enzymes [14] .
In this study, the in vitro degradation behavior of the four groups of porous silk fibroin scaffolds with different pore sizes prepared by freeze drying was investigated. Upon exposure to collagenase IA for various times, significant changes occurred in the morphologies of the four groups of scaffolds, as shown in Figures 3 and 4 . As shown in Figure 5 , remarkable differences in weight loss among the four groups of scaffolds can be observed during the process of degradation. The degradation rate and extent of the four groups of scaffolds were in the order A > B > C > D. Much more protease solution could be contained by per unit volume of scaffolds with larger pore sizes and high porosities (Figures 1(A) and 1(B) ), providing a high possibility for the pore walls to contact the protease molecules. Consequently, the scaffolds had more opportunities to be degraded by protease. Meanwhile, the porous structures of the scaffolds were supported by pore walls. Larger pore sizes led to a decrease in the amount of pore walls per unit volume of scaffolds (Figures 1(A) and 1(B) ). The degradation of a portion of pore walls by proteasecatalyzed hydrolysis resulted in a further decrease in the number of the residual pore walls playing a crucial role in supporting the porous structures of the scaffolds. Therefore, the scaffolds were easy to collapse (Figures 4(A) and 4 the pore walls and then penetrate into the interior of the walls, which consequently resulted in higher degradation rates compared to group C and D materials with smaller pore sizes.
Conclusions
Silk fibroin scaffolds with various pore sizes were prepared by controlling the freezing temperature and the concentration of silk fibroin. The in vitro degradation results of fibroin scaffolds incubated in collagenase IA suggested that the internal pore walls of the scaffolds with a larger pore size collapsed upon exposure to protease for times ranging from 6 to 12 days, and these silk scaffolds exhibited a faster rate of weight loss. The morphological and structural features of the silk scaffolds with smaller pore size remained intact after incubation in the protease solution for 18 days, and the rate of weight loss was relatively slow. Scaffolds with a smaller pore size or a higher pore density degraded more slowly than scaffolds with a larger pore size or a lower pore density.
